Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant nuclear enzyme in mammalian cells. The enzyme synthesizes polymers of ADP-ribose from the coenzyme NAD + and plays multifaceted roles in cellular responses to genotoxic stress, including DNA repair. It had been shown that mouse fibroblasts treated with a DNA methylating agent in combination with a PARP inhibitor exhibit higher cytotoxicity than cells treated with methylating agent alone. This lethality of the PARP inhibitor is dependent on apurinic/apyrimidinic (AP) sites in the DNA and the presence of PARP-1. Here, we show that purified PARP-1 is capable of forming a DNA-protein crosslink (DPC) by covalently attaching to the AP site. This DPC formation is specific to the presence of the natural AP site in DNA and is accompanied by a single-strand DNA incision. Cellular studies confirm the formation of PARP-1 DPCs during alkylating agent-induced base excision repair (BER) and formation of DPCs is enhanced by a PARP inhibitor. Using an N-terminal and C-terminal truncated PARP-1 we show that a polypeptide fragment comprising the zinc 3 and BRCT sub-domains is sufficient for DPC formation. The covalent attachment of PARP-1 to AP site-containing DNA appears to be a suicidal event when BER is overwhelmed or disrupted.
INTRODUCTION
PARP-1 is an abundantly expressed chromatin associated nuclear enzyme that has been implicated in a range of cellular processes, including detection of DNA damage, DNA repair, chromatin remodeling and regulation of transcription (1) (2) (3) (4) . Mammalian PARP-1 is a member of a superfamily of enzyme isoforms that have different primary structures, but share homology in the domain that synthesizes poly(ADP-ribose) (PAR) from the coenzyme nicotinamide adenine dinucleotide (NAD + ) (5-7). PARP-1 is believed to be a sensor and 'first responder' for DNA lesions, especially those containing strand breaks (4, 7, 8) . PARP-1 becomes activated for PAR synthesis upon binding to DNA lesions and adducts itself (PARylation) as well as other proteins involved in DNA metabolism (2) . PARylation serves a signaling role for protein-protein interactions in DNA metabolism and for self-regulation of DNA binding by PARP-1 (9, 10) .
PARP-1 is composed of three main functional domains within a 113 kDa polypeptide chain; the amino-terminal DNA-binding domain (DBD), a central auto-modification domain (AD) and the carboxy-terminal catalytic domain (CAT) (11) . The DBD is comprised of two homologous zinc finger sub-domains and a recently characterized third zinc finger sub-domain (12) (13) (14) . The AD contains a proteinprotein interaction sub-domain corresponding to the breast cancer gene 1 protein (BRCA1), carboxyl-terminus (BRCT) and acceptor amino acids for covalent attachment of PAR (2, 15) . The function of a conserved segment of 80-90 residues between the AD and CAT, known as the WGR (tryptophan, glycine and arginine-rich) region, is unknown (15) . However, structural and biochemical studies have suggested that the WGR region, along with the zinc finger subdomains, promotes binding to DNA lesions (15, 16) . The loop between the BRCT and WGR regions is known to be required for double-stranded DNA binding (17) . Recently, Mansoorabadi et al. proposed a structural model in which the double-stranded DNA binding loop region is positioned to bind DNA adjacent to a lesion site (18) . The CAT subdomain of PARP-1 is responsible for synthesis of PAR from NAD + , transfer of PAR units onto acceptor amino acids and elongation of PAR chains (11) .
Although the biological functions of PARP-1 remain under investigation, the enzyme has been implicated in DNA base excision repair (BER) (8, 19) . In mammalian cells, BER is considered the primary defense against simple DNA lesions, such as base loss, single-strand breaks (SSBs) and smaller base adducts that arise from a variety of exogenous and endogenous sources (20) (21) (22) . In the case of base damage, BER is initiated by a damage-specific DNA glycosylase, which removes the damaged base, resulting in an abasic (AP) site in the DNA (23) . PARP-1 recognizes this AP site and becomes activated for PAR synthesis following incision of the AP site by AP endonuclease 1 (APE1), which yields the 5 -deoxyribose phosphate (5 -dRP) group in a single nucleotide gap (24, 25) . It was proposed that PARylation enhances recruitment of repair factors to sites of DNA damage and that the negative charge conferred by self-PARylation facilitates PARP-1 dissociation from DNA, enabling the repair process to proceed (26) (27) (28) .
In mouse embryonic fibroblasts undergoing alkylating agent-induced BER, inhibition of PARP activity by small molecule inhibitors that are analogs of the nicotinamide compound NAD + , which is the substrate for PARP-1, results in extreme cytotoxicity (9, 29) . All these inhibitors including, 3-amino benzamide (3-AB), 4-amino-1,8-napthalimde (4-AN), olaparib (AZD2281), veliparib (ABT-888) and MK-4827 inhibit PARP-1 activity by competing with its substrate NAD + (30) . This effect of PARP inhibition correlates with the presence of the 5 -dRP group in the BER intermediate (31) (32) (33) . While the underlying mechanism of this cell killing phenotype is not clear, important clues have emerged. For example, PARP-1 protein expression and inhibitor treatment during S-phase of the cell cycle are required for the extreme cell killing phenotype, and treatment with PARP inhibitor results in more DNAbound and chromatin-bound PARP-1, respectively, than in untreated cells (34, 35) . Further, direct measurement of genomic DNA strand breaks by pulse field gel electrophoresis revealed more strand breaks in PARP inhibitor-treated cells than in untreated cells (36) . Based on these findings, it is proposed that inhibited DNA-bound PARP-1 hinders DNA repair and blocks DNA replication, resulting in replication fork collapse and formation of double-strand breaks (DSBs) (28, (36) (37) (38) (39) .
In light of these observations, it is important to understand the interactions of PARP-1 with AP site-containing BER intermediates. We have shown previously that purified PARP-1 has AP lyase enzymatic activity against an AP site-containing BER substrate and that the reaction occurs through the Schiff base chemistry and strand incision by ␤-elimination (24, 40) . In these experiments, the covalent cross-link between purified PARP-1 and an AP sitecontaining DNA was measured after sodium borohydride (NaBH 4 ) reduction of the enzyme-DNA complex (24, 40) . Here, we further examined covalent cross-linking of purified PARP-1 to various alternate DNA substrates. In the course of these experiments, we obtained the surprising result that PARP-1 forms a covalent DNA-protein cross-link (DPC) with some DNA substrates even without NaBH 4 reduction. This intrinsic DPC formation was found to be explicit for the intact natural AP site or incised natural AP site in DNA. Formation of the PARP-1 genomic DPC also was observed in cell extracts and in mouse fibroblast cells in culture. The implications of the PARP-1 DPC are discussed. 
MATERIALS AND METHODS

Materials
Recombinant proteins
Recombinant human DNA polymerase ␤ (pol ␤) was over-expressed and purified as described previously (41) . Human APE1, uracil DNA glycosylase (UDG) with 84 amino acids deleted from the amino-terminus, and aminoterminus His-tagged human PARP-1 (polypeptide I, amino acid residues 1-1014) were purified as described previously (42) (43) (44) (45) . Wild-type human PARP-1 fragments containing the amino acids 234-1014 (polypeptide II, Zn3-CAT), 234-518 (polypeptide III, Zn3-BRCT) and 353-662 (polypeptide IV, BRCT-WGR) were amplified from cDNA. These PCR products were then ligated into the directional TOPO cloning vector pENTR containing a TEV tag on the amino-terminus (pENTR TM /TEV/D-TOPO cloning kit, Life Technologies) according to the manufacturer's protocol and transformed into bacteria (One Shot TOP10 competent Escherichia coli, Life Technologies, Grand Island, NY). Single bacterial clones were selected and verified by DNA sequencing. The verified PARP-1 fragment entry clones were then transferred by recombination to the pDEST17 expression vector containing an amino-terminal His-tag. The purified CAT (Polypeptide V, amino acid residues 654-1014) fragment of PARP-1 was a gift from Dr. Chen Qui (Laboratory of Structural Biology, NIEHS).
Protein purification
Full-length wild-type human PARP-1 and the fragments (I to IV) were purified using the protocol of Langelier et al. (44) . Briefly, the proteins were expressed in One Shot TOP10 E. coli cells according to the manufacture's protocol by inducing with 1 mM IPTG, 0.1% arabinose and 0.5 mM ZnCl 2 for 18 h at 15
• C. The recombinant protein was first purified using a HisTrap HP Column (GE HealthCare Life Sciences, Piscataway, NJ) and eluted with 250 mM imidazole. Fractions containing recombinant protein were pooled and buffer exchanged into 50 mM Hepes, pH 7.4 and 50 mM NaCl. This exchanged protein was applied onto Mono S HR 10/10 (GE HealthCare Life Sciences) and eluted with a gradient of 50-500 mM NaCl. Fractions containing the recombinant protein were pooled, concentrated and loaded 
Preparation of AP DNA substrate
The 32 P-labeled duplex oligonucleotide was treated with human UDG to generate AP sites in the intact or nicked DNA. Typically, 400 nM DNA substrate was pretreated in a reaction mixture containing 25 mM NaPO 4 buffer, pH 7.0, 25 mM NaCl and 40 nM UDG. The reaction mixture was incubated for 30 min at 30
• C. After this incubation, the reaction mixture was divided into two equal portions. One portion of the reaction was supplemented with 10 mM MgCl 2 and 50 nM APE1 and incubated for 20 min at 37
• C to generate incised AP site-containing DNA. Due to the labile nature of the incised AP site-containing DNA, the DNA substrate was prepared just before performing the NaBH 4 trapping experiment.
Intrinsic and NaBH 4 cross-linking of purified human PARP-1 and DNA NaBH 4 cross-linking of PARP-1 and DNA was performed with 5 -or 3 -end 32 P-labeled DNA pretreated with UDG, essentially as described previously (46) with a slight modification of the reaction conditions. Briefly, the reaction mixture (10 l) containing 25 mM NaPO 4 buffer, pH 7.0, 25 mM NaCl, 10 mM EDTA, 200 nM 32 P-labeled duplex DNA (34 base pair) and 200-500 nM purified PARP-1 (24) was assembled on ice. Reaction mixtures were then supplemented with water or 2 mM NaBH 4 . In some reaction mixtures purified PARP-1 was replaced with 10 g cell extract, as indicated. The reaction mixture was incubated for 60 min on ice and followed by 15 min at room temperature. After incubation, the reaction was terminated by addition of 10 l of SDS-PAGE gel-loading dye. The Nu-PAGE Bis-Tris gel (4-12%) and MOPS running buffer systems (Life Technologies) were used to separate DPC complexes. A Typhoon PhosphorImager (GE HealthCare) was used for scanning the gels. The PARP-1 (113.1 kDa) construct used contained the N-terminal His-tag.
Iodoacetamide treatment of PARP-1
PARP-1 (10 M) was incubated with 50 mM iodoacetamide in a reaction mixture (10 l) containing 25 mM Na PO 4 buffer, pH 7.0 and 25 mM NaCl for 30 min at room temperature in the dark. The reaction was terminated by adding 60 mM DTT, and the excess amounts of iodoacetamide and DTT were removed by Zebra micro spin desalting column 7K MWCO (Thermo Scientific) according to the manufacturer's suggested protocol. The final volume of each desalted sample was measured to calculate the concentration of PARP-1, and the recovery was ascertained by SDS-PAGE analysis. Appropriate dilutions were used for cross-linking experiments with PARP-1 and 32 P-labeled DNA.
Proteolysis of the cross-linked PARP-1-DNA complex with trypsin
After intrinsic cross-linking of polypeptides I and II with 32 P-labeled AP site-containing DNA as above, the pH of the of reaction mixture was adjusted to 8.0 by adding 1 M TrisHCl, pH 8.0, to a final concentration of 100 mM. An aliquot was withdrawn before adding trypsin to the reaction mixture containing the PARP-1 and DNA complex. To the remaining reaction mixture, trypsin was added at a 1:5 weight ratio of trypsin to polypeptide, and the mixture was incubated for 20 min at 25
• C. The reaction was terminated by adding 100 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, SDS-PAGE sample buffer, and boiling for 5 min. The digested products were separated by Nu-PAGE Bis-Tris gel (4-12%), and a PhosphorImager was used to detect radiolabeled cross-linked peptides. Then, the same gel was stained for proteins detection with SimplyBlue SafeStain solution (Life Technologies).
Cell culture
PARP-1
+/+ and PARP-1 −/− spontaneously immortalized mouse fibroblasts were obtained from Dr. Josianne Ménissier-de Murcia (CNRS, Illkirch-Graffenstaden, France). They were cultured at 37
• C in a 10% CO 2 incubator in Dulbecco's modified Eagle's medium containing L-glutamine and 10% fetal bovine serum (HyClone, Logan, UT).
Isolation of DPCs by the DNAzol-silica method
PARP-1
+/+ mouse fibroblasts were treated for 1 h with methyl methanesulfonate (MMS; 5 mM) in the absence or presence of 4-AN (10 M) or with 4-AN alone for a total of 2 h. Cells were washed in phosphate buffered saline (PBS), then isolated by scraping. For isolation of DPCs the method of Barker et al. (47) was followed with slight modifications. Briefly, nuclei were lysed by the addition of 500 l DNAzol per 6 × 10 7 cells and vortexing briefly. After lysis, 2 ml pre-warmed (65
• C) 10 mM Tris-HCl, pH 7.0, was added and the DNA was sheared by passing the suspension through a 21-gauge needle and then through a 25-gauge needle three times each. 5 M NaCl (9.6 ml) was added to a final concentration of 4 M, and the mixture was incubated at 37
• C in a shaking water bath for 20 min. 8 M urea (12 ml) was added to a final concentration of 4 M, and the incubation was continued for 20 min at 37
• C in a shaking water bath. After this incubation, an equal volume (24 ml) of 100% ethanol was added and the sample mixed by inversion. The QIAEX II silica slurry (0.5 ml per 6 × 10 7 nuclei) was added to each sample, and the samples were gently rocked for 40 min at room temperature to allow DNA to bind. Silica particles were then collected by centrifugation, and the supernatant fraction was carefully removed and discarded. The silica particles were washed four times with 50% ethanol and collected by centrifugation. The DPC complexes were eluted from silica by adding 2 ml of 8 mM NaOH and incubation at 65
• C for 5 min. The elution process was repeated and the supernatant fractions were combined. An aliquot (10 l) from each sample was saved for DNA analysis (Supplementary Figure S5) . For DNA digestion, the supernatant fractions were supplemented with 1 ml of 5x digestion buffer (50 mM MgCl 2 , 50 mM ZnCl 2 , 0.5 M sodium acetate, pH 5.0), 5 units of DNase I and 5 units of S1 nuclease. The samples were then incubated at 37
• C for 1 h, and the digestion of DNA was stopped by transferring samples to 65
• C for 10 min. After this heat inactivation, 100% ice-cold trichloroacetic acid (TCA) was added to each sample to a final concentration of 15%, and the samples were incubated for 60 min on ice for precipitation of DPCs. All samples were centrifuged at 12,000 rpm for 15 min at 4
• C. The pellet containing DPCs was washed twice with 15% icecold TCA and twice with 100% ice-cold acetone. The pellet was air-dried and dissolved in 10 l 1 M Tris-HCl, pH 8.0 and 90 l SDS-PAGE gel buffer for immunoblotting analysis of PARP-1.
Immunoblotting
Approximately equal amounts (adjusted by DNA content, Supplementary Figure S5 ) of each DPC sample (∼ 30 l) isolated by the DNAzol-silica method as described above, and purified PARP-1 (50 ng) were separated by Nu-PAGE 4-12% Bis-Tris mini-gel and transferred onto a nitrocellulose membrane. The membrane was blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBS-T) and then probed with anti-PARP-1 antibody as indicated in the figure legends ( Figure 7c ). Goat anti-mouse IgG conjugated to horseradish peroxidase (1:10,000 dilution) was used as secondary antibody, and immobilized horseradish peroxidase activity was detected by enhanced chemiluminescence.
DNA labeling and fiber-spread analysis
PARP-1
+/+ or PARP-1 −/− fibroblasts were treated with 3 mM MMS for 1 h in the presence of the PARP-1 inhibitor 4-AN (10 M), as described (34) . The cells were harvested with trypsin, washed twice with PBS and collected, and DNA fibers were prepared as previously described (48) . The resulting DNA spreads were air-dried, fixed in 3:1 methanol/acetic acid for 2 min then stored at ∼ 20
• C for at least 24 h. The slides containing the DNA fibers were then washed once with PBS (pH 7.4) plus 0.1% Tween-20 (PBS-T) and twice with PBS (pH 7.4). Next, slides were blocked with 5% BSA in PBS for 1 h at room temperature in a humidified chamber. All antibodies were diluted in 5% BSA in PBS-T. Slides were first incubated for 1 h at room temperature with mouse anti-human PARP-1 (1:333) (BD Biosciences PharMingen). Slides were then washed three times with PBS, blocked with 5% BSA in PBS for 30 min at room temperature and incubated for 30 min with the secondary antibody AlexaFluor 594 rabbit anti-mouse (1:333) (Life Technologies). Next, the slides were washed once with PBS-T, and twice with PBS and blocked with 5% BSA. Tertiary antibody, AlexaFluor 594 goat anti-rabbit (1:333) (Life Technologies), was added and the slides washed three times with PBS. After the last wash, the slides were incubated with the DNA stain YOYO-1 iodide (Life Technologies) (1 M in PBS) for 5 min, in order to visualize all of the DNA fibers on the slide, and then washed three times with PBS. The slides were then mounted with Pro-long Gold Anti-fade (Life Technologies). The method used for making DNA fiber spreads is reliant upon using 0.5% SDS and 50 mM EDTA to gently strip off any non-covalently bound protein. This 'stripping' step is similar to that employed for DNA fiber-based replication studies, except in the latter case an HCl incubation step was used to denature the DNA fibers to allow antibody access to nucleotide analogs incorporated into the DNA fibers. SDS/EDTA is effective in stripping off proteins from the DNA. In previous studies (P. Chastain, unpublished observation) of stripped DNA fibers, we could not detect any of the histone core proteins remained associated with the DNA.
Visualization of PARP-1 in DNA fibers and processing of data
DNA fibers were visualized with an Olympus FV400 confocal microscope under magnification × 630. At least 600 fibers and five images were scored for each repeat; at least 100,000,000 nts per experimental repeat were analyzed. Enumeration of the PARP-1 (PARP-1 per megabase (Mb)) within the DNA fibers was performed using the Computer Aided Scoring and Analysis (CASA) software described previously (49) . CASA software recognizes the DNA fibers, scans them for PARP-1 signal (red dots) and creates an Excel file with data for each fiber identified.
RESULTS
Intrinsic cross-linking of purified PARP-1 to AP DNA
PARP-1 is known to interact with AP site-containing BER intermediates, and the interaction includes Schiff base formation between a primary amine in PARP-1 and the C1 atom of deoxyribose in the AP site. NaBH 4 reduction of the Schiff base-containing complex results in formation of a covalent bond between PARP-1 and DNA (24, 25, 40) . To further characterize the PARP-1 and AP site interaction, we initially performed NaBH 4 cross-linking experiments with purified PARP-1 and AP site-containing DNA (Figure 1 and Supplementary Figure S1 ). PARP-1 was incubated with an AP site-containing 5 -end labeled DNA substrate in phosphate buffer at pH 7, and the complex was analyzed without or with NaBH 4 reduction ( Figure 1a, lanes  2 and 3, respectively) . Representative images of the full gel Figure S1) . Under these conditions, two species of PARP-1 and DNA cross-linked products were observed with NaBH 4 reduction (Figure 1a, lane  3) . Surprisingly, a cross-linked product also was observed without NaBH 4 reduction (Figure 1a, lane 2) . The migration of this cross-linked product was similar to that of the faster migrating product observed with NaBH 4 reduction (Figure 1a, lane 3) . Our interpretation of these results is as follows: during the PARP-1 AP lyase reaction (24), a primary amine nucleophile in the enzyme attacks the C1 atom of deoxyribose in the AP site yielding the Schiff base intermediate. Reduction of this Schiff base with NaBH 4 results in covalent cross-linking of PARP-1 to DNA (Figure 1a and c, lane 3, the slower migrating species corresponding to PARP-1 cross-linked to the full-length DNA strand). When the AP lyase reaction proceeds through the ␤-elimination of DNA from the C3 position of deoxyribose, a DNA-PARP-1 cross-link (DPC) is formed at the dRP group, corresponding to the faster migrating species (Figure 1a and c, lanes 2 and 3, i.e. PARP-1 cross-linked to the incised DNA strand). This cross-linked species is formed in reaction mixtures both with and without NaBH 4 reduction (Figure 1a) .
To further analyze the covalent cross-linking phenomenon of PARP-1 to AP site-containing DNA without NaBH 4 reduction, we utilized a nicked BER intermediate containing a 32 P-dRP group (AP site) at the 5 -margin in a nick (Figure 1b) . This AP site DNA substrate containing a 5 -dRP group was subjected to cross-linking with PARP-1, as in Figure 1(a) . For the reaction mixture with NaBH 4 reduction, the results revealed formation of two labeled species of PARP-1 cross-linked products and only one cross-linked product without NaBH 4 reduction (Figure 1b,  lanes 5 and 4, respectively) . These results can be explained in a fashion similar to the results shown in Figure 1 (Figure 1b and d, lane 5, i. e. the slower migrating species corresponding to PARP-1 and the DNA strand). However, the lyase reaction proceeding through ␤-elimination of the DNA from the C3 position of deoxyribose, produces an enzyme-dRP group linkage (Figure 1b and d, lanes 4 and 5, i. e. the faster migrating species). The gel migration positions of these cross-linked products were consistent with a linkage between one molecule each of PARP-1 and dRP (Figure 1b, faster migrating species) or the DNA strand (Figure 1b, slower migrating species) . Formation of the faster migrating species was observed in reaction mixtures both with and without NaBH 4 reduction.
Association of PARP-1 cross-linking with ␤-elimination and strand incision
To confirm that the intrinsic cross-linking of PARP-1 to dRP/AP site-containing DNA is associated with ␤-elimination, we conducted cross-linking experiments with AP site-containing DNA substrates labeled at the 3 -end, one with an intact strand and the other with a 5 -dRP group at a nick ( Figure 2 ). For comparison, the reaction mixtures in lanes 1 and 2 of Figure 2 (a) and (b) represent repeats of the experiments described in Figure 1 (a) and (b) where the expected results were observed. However, for the incubations with the 3 -end labeled DNA along with NaBH 4 reduction, only the slower migrating species was observed, corresponding to the intact DNA strand and PARP-1 (Figure 2a, lane 4) . No labeled cross-linked product was observed for the reaction mixture without NaBH 4 (Figure 2a,  lane 3) . These results are consistent with the lyase reaction proceeding through ␤-elimination of the DNA from the C3 position of deoxyribose in the AP site; a labeled DNA-PARP-1 complex is not observed since the radiolabel is on the 3 -end of the DNA strand (see Figure 2c ). To confirm this interpretation, we used a nicked BER intermediate labeled at the 3 -end. In the absence of NaBH 4 , no labeled cross-linked product was observed with this 3 -end labeled substrate (Figure 2b, lane 3) ; the slower migrating labeled cross-linked product was observed with NaBH 4 reduction (Figure 2b, lane 4) . From the results in Figures 1 and 2 , we conclude that formation of a covalent bond between PARP-1 and the AP site deoxyribose is closely associated with ␤-elimination mediated strand incision at C3 .
Zinc 3-BRCT sub-domain and intrinsic cross-linking of PARP-1 to AP DNA
We next evaluated the covalent bond formation between PARP-1 and AP site-containing DNA as a function of PARP-1 domain structure (Figure 3 ). Different segments of the PARP-1 primary structure were expressed and purified, as described in Supplementary Information and Figure 3 . Robust cross-linking was observed (Figure 3 ) with the fulllength construct polypeptide I and also with the construct truncated in the zinc 1 and zinc 2 sub-domains, i.e. polypeptide II. Similar cross-linking also was observed with the polypeptide III construct comprising the zinc 3 and BRCT sub-domains. In contrast, the constructs corresponding to the AD (polypeptide IV) and CAT sub-domains failed to cross-link. These results suggest that the zinc 3 sub-domain is sufficient for the cross-linking observed with polypeptides, I, II and III.
We next performed experiments to evaluate the intrinsic covalent cross-linking of the labeled DNA probe to polypeptides I and II. The cross-linked DNA-polypeptide complexes were subjected to trypsin proteolysis to examine domains involved in the intrinsic covalent cross-linking. Trypsin proteolysis of the cross-linked DNA-polypeptide complexes revealed several radiolabeled protein fragments (Figure 4) . A prominent peptide migrating between the molecular mass markers of 52 and 38 kDa was observed (Figure 4b ) and appeared strongly radiolabeled (Figure 4a,  lanes 3 and 6) . The migration of this radiolabeled tryptic fragment was similar to that of recombinant polypeptide III (Figure 4a and b, lanes 3, 6 and 7) . These results are consistent with covalent cross-linking of DNA in a region of polypeptides I and II that corresponds to polypeptide III (residues 234 to 518) studied in Figure 3 . A similar tryspsin proteolysis pattern was observed with polypeptide I and II that were not subjected to cross-linking (data not shown). Amino-terminal sequence analysis for the prominent fragment migrating between the 52 and 38 kDa markers indicated that it corresponded to the zinc 3 and BRCT subdomains (Supplementary Figure S2) .
Specificity of intrinsic cross-linking of PARP-1 to AP DNA
When the same cross-linking protocol was performed with two other known dRP/AP lyase BER enzymes, pol ␤ and 8-oxoguanine DNA glycosylase 1 (46,50,51), we failed to observe cross-linked products without NaBH 4 reduction, but cross-linking was observed with NaBH 4 , as expected (Supplementary Figure S3a ). To verify the requirement of an AP site in DNA, various alternate DNA substrates with and without the AP site were evaluated (Supplementary Figure  S3b) . The results revealed intrinsic cross-linking of PARP-1 with the substrate containing the AP site (Supplementary Figure S3c, lanes 1 and 2) , as expected, whereas the other DNA molecules that either did not have an AP site or had a reduced AP site analog (THF) failed to show any crosslinking to PARP-1 (Supplementary Figure S3c, lanes 3-10) .
Modification of exposed cysteine residues reduces intrinsic DNA cross-linking of PARP-1
For the intrinsic covalent cross-linking to occur between PARP-1 and AP site-containing DNA, the Schiff base formed between a primary amine in PARP-1 and the C1 atom of deoxyribose in the AP site must be reduced to generate a covalent bond between PARP-1 and DNA. Therefore, the presence of a hydride ion-generating group in the enzyme in proximity to the Schiff base may serve as a reducing agent. PARP-1 has two cysteine residues, Cys 256 in the zinc 3 domain and Cys 845 in the CAT, that are solvent exposed (52) . To examine the possibility that these cysteine residues serve in an oxidation-reduction capacity in the PARP-1 and AP site cross-linking, we first treated PARP-1 with iodoacetamide and then used the treated enzyme in cross-linking experiments, as above. Iodoacetamide covalently reacts with exposed thiol group of cysteine so that the protein cannot form disulfide bonds. The results revealed that iodoacetamide-treated PARP-1 had reduced crosslinking as compared to that of untreated PARP-1, while the concentration of protein in both samples was similar (Figure 5a) . In a second approach, we altered the exposed cysteine residues to alanine to produce single C256A and double C256A/C845A mutant forms of PARP-1. The intrinsic covalent cross-linking property of the altered forms was compared with wild-type PARP-1. The results revealed a significant reduction in the cross-linking activity of the altered forms compared with that of wild-type PARP-1 (see Figure 5b ). These results suggested that cysteine mediated disulfide bond formation might serve in the Schiff base reduction involved in the intrinsic cross-linking of PARP-1.
PARylation has no effect on cross-linking
To investigate whether PARylation of PARP-1 alters formation of the DPC, we conducted cross-linking experiments in the presence of NAD. Note that in the experiments described so far, NAD was not present in the crosslinking reaction mixtures. With an intact AP site-containing substrate, addition of NAD to the reaction mixture after cross-linking caused a change in the gel migration pattern of the labeled DNA and PARP-1 complex, consistent (Figure 6a and b) . In addition, this experiment indicated that the strand break that accompanies cross-linking was sufficient to support activation of PARP-1 for PAR synthesis. Finally, experiments were conducted with the alternate substrate representing the pre-incised AP site-containing single-nucleotide gap with the 5 -dRP group; similar results were obtained with this substrate (Figure 6c and d) . In sum- Zn1, Zn2, Zn3, BRCT, WGR, and CAT represent, zinc finger 1, zinc finger 2, zinc finger 3, BRCA C-terminus, tryp-gly-arg-rich region, and carboxyterminal catalytic sub-domains of PARP-1, respectively. PARP-1 residues of each construct are indicated. BRCT is located within the region of AD of PARP-1. DBD consists of Zn1, Zn2 and Zn3 sub-domains of PARP-1. Various PARP-1 polypeptides (I-V) representing full-length PARP-1, Zn3-CAT, Zn3-BRCT, BRCT-WGR, and CAT, respectively, were expressed in E. coli and purified to near homogeneity as described under Materials and Methods. The residue numbers of each construct and the relative molecular mass (kDa) of each construct are indicated. All the constructs were His-tagged at the amino terminus, except CAT sub-domain that has no tag. The intrinsic cross-linking reactivity to AP-DNA is indicated by positive (+) or negative (-) sign.
(b) Intrinsic cross-linking of purified PARP-1 polypeptides (I-V) to AP site-containing DNA. 5 -end 32 P-labeled 34 bp DNA with an AP site in a nick (i.e. 5 -dRP), shown next to the phosphorimage, was used for cross-linking. PARP-1 polypeptide (I-V) and 32 P-labeled DNA were incubated on ice without NaBH 4 as in Figure 1(a) . The cross-linking products were analyzed by SDS-PAGE and followed by phosphorimaging. The relative positions of marker proteins are indicated. mary, PARP-1 self-PARylation had no significant effect on cross-linking and conversely, cross-linking had no significant effect on PARylation. Addition of PARP-1 inhibitor (4-AN) to the cross-linking solution has no effect on the cross-linking of PARP-1 (Supplementary Figure S4) .
Intrinsic cross-linking of PARP-1 to AP-DNA in cell extracts
Having observed intrinsic cross-linking of purified PARP-1 to AP site-containing DNA in vitro, we next tested for similar cross-linking using whole cell extract prepared from wild-type mouse fibroblasts (PARP-1 +/+ ) and PARP-1 null mouse fibroblasts (PARP-1 −/− ). The extracts were incubated with 5 -end labeled uracil-containing DNA (Figure  7a) , where endogenous uracil-DNA glycosylase produced the AP site, and incubations were without NaBH 4 reduction. A prominent radiolabeled cross-linked product, consistent with PARP-1 labeling (band with molecular mass of ∼ 118 kDa), was observed in wild-type cell extract ( Figure  7b, lane 1) , but not in PARP-1 null cell extract (Figure 7b , lane 2). The migration of this complex was confirmed to be consistent with PARP-1 when the extract from PARP-1 null cells was supplemented with purified PARP-1 (Figure 7b, lane 3) . In addition, immunoprecipitation of the reaction mixture in lane 1 with anti-PARP-1 IgG revealed a radiolabeled ∼ 118 kDa complex (Figure 7b , lane 5) that was not observed with non-immune IgG (Figure 7b, lane  4) . The mass of the labeled complex was consistent with one molecule each of the ∼113 kDa PARP-1 monomer plus the DNA strand (∼ 5 kDa) after incision at C3 . Figure 1 (lanes 1-4) . After the intrinsic cross-linking, the pH of the reaction mixture was adjusted to 8.0 by adding 1 M Tris-HCl, pH 8.0, to a final concentration of 100 mM. The covalently cross-linked complex was then treated with trypsin at a 1:5 ratio of trypsin to complex (w/w), and the mixture was incubated at 25 o C for 20 min. The proteolysis products were analyzed as in Figure 1 
DNA-PARP-1 cross-link (DPC) formation in genomic DNA in mouse fibroblasts
It is known that mouse fibroblast cells exhibit strong cytotoxicity when treated with a monofunctional DNA methylating agent in combination with a PARP inhibitor (32, 34, 35) . These methylating agents form lesions that are repaired by BER, and the repair intermediates are recognized by PARP-1 (24) . To evaluate PARP-1 cross-linking to DNA in vivo, cells were treated with the alkylating agent MMS and the PARP inhibitor 4-AN, either alone or as the MMS and 4-AN combination (34, 36) . Then, the levels of PARP-1 DPCs were measured with the DNAzol-silica method used previously for measurement of Top1 DPCs (47, 53, 54) . Samples of DNA cross-linked proteins were isolated, separated by SDS-PAGE, transferred to a nitrocellulose membrane and probed with antibody against PARP- (Figure 7c, lane 3) . Among other points, this confirmed that the sample preparation method stripped proteins from DNA in the absence of covalent attachment. Therefore, the PARP-1 DPC observed in Figure 7 (c) represents PARP-1 molecules covalently attached to DNA as opposed to simply DNA bound PARP-1 or chromatin-bound PARP-1, as was observed previously (34, 35) . Our results showed similar PARP-1 DPC formation in both the sample from cells treated with MMS and the sample from cells treated with the MMS and 4-AN combination (Figure 7c, lanes 4 and 5, respectively) . These results indicated that PARP-1 is cross-linked to DNA in vivo when cells are treated with a highly cytotoxic dose (5 mM) of the alkylating agent MMS. In light of the present results, covalent attachment of PARP-1 to DNA during BER could also be a mechanism of PARP-1 immobilization. Furthermore, these results suggest that molecules of PARP-1 can be covalently attached to BER intermediates in cells during BER process, especially when the repair process becomes overwhelmed by a DNA damaging agent, is inhibited or is genetically deficient.
Visualization of PARP-1 in DNA fibers during BER
To visualize PARP-1 covalently attached to genomic DNA in cells undergoing BER, a form of DNA fiber-spread analysis was performed (48, 49) . The method was adjusted to detect protein covalently attached to DNA using antibody staining. As illustrated in Figure 8(a) , abundant PARP-1 was observed along DNA fibers generated from cells treated with the MMS and 4-AN combination. Considerably, more PARP-1 was observed in these DNA fibers than those isolated from untreated control cells (Figure 8b ). Under similar conditions, no PARP-1 signal was observed with PARP-1 null fibroblasts, as expected ( Supplementary Figure S6a) . However, wild-type fibroblasts treated with MMS also showed PARP-1 on DNA fibers; with cells treated with 4-AN alone very little PARP-1 was detected on DNA fibers (Supplementary Figure S6b) . These results corroborate the findings described above (Figure 7c ) indicating that PARP-1-mediated DPCs are formed during the response to MMSinduced DNA damage.
DISCUSSION
We have shown that PARP-1 forms a covalent bond with DNA corresponding to BER intermediates containing the dRP/AP site; the covalent bond formation is accompanied by strand incision. The intrinsic covalent attachment of PARP-1 to DNA could have important biological implications, since these DPCs would pose a threat to genome stability and cell viability (55) . For example, we found that in cells undergoing BER after alkylating agent treatment, the repair process enables PARP-1 to become cross-linked to DNA most likely at repair intermediates containing the 2 -deoxyribose.group (Figures 7 and 8) . Should a replication fork collide with the PARP-1 DPC, replication fork progression may stall leading to fork collapse and DSB formation (34, 56) . Thus, the formation of these potentially lethal PARP-1 DPCs could have implications for the cell killing phenotype associated with MMS and PARP inhibitor treatment.
It had been proposed that PARP-1 remains bound on repair intermediates in PARP inhibitor treated cells, since under normal conditions PARylated PARP-1 is released from the repair intermediate or product by virtue of poly(ADPribose)/DNA charge repulsion (28, 57) . In light of the results described here, however, covalent attachment of PARP-1 to DNA likely accounts for at least a portion of the observed PARP-1 immobilization. On the other hand, a similar level of PARP-1 DPCs also were observed in MMS treated cells undergoing BER in the absence of PARP inhibitor (Figure 7c ). The PARP-1 DPC level was much greater in cells treated with a cytotoxic dose of alkylating agent than in normal untreated cells (Figure 7c ). Therefore, it is likely that under cellular conditions where the BER system becomes overwhelmed by DNA damage or interruption of the repair process by a PARP inhibitor, PARP-1-mediated DPCs are formed, and these DPCs represent an abortive repair event in cells.
In light of the above results, we asked whether crosslinked PARP-1 could be PARylated, and the results revealed that the cross-linked enzyme is fully capable of selfPARylation (Figure 6a and c) . Conversely, PARylation did not block cross-linking (Figure 6b and d) . The biological implications of these results are interesting to consider: it appears that PARP-1 under normal conditions is rapidly PARylated upon APE1 incision of AP DNA in the cell. However, cross-linking of PARP-1 is dependent on the presence of the AP site in DNA. For instance, if the AP site and 5 -dRP group are removed by APE1 and pol ␤, respectively, PARP-1 will be PARylated but will not be cross-linked. Under conditions where AP sites/5 -dRP groups persist in the DNA, PARP-1 may form cross-linked abortive repair complex; these conditions could be due to an overwhelming amount of DNA damage, inhibition of PARP-1 activity by PARP-1 inhibitors, imbalance in the repair enzymes, or mutations in repair enzymes, among others.
The cross-linking of PARP-1 to AP site-containing DNA must involve the redox (oxidation-reduction) capacity that is intrinsic to the protein. The cross-linking at the C1 carbon of the deoxyribose group was accompanied by ␤-elimination at the C3 carbon and strand incision. From our results it appears that these steps are connected. Therefore, dual lesions develop in the DNA during this process, resulting in protein adduction and strand incision. The Schiff base formed between a primary amine in PARP-1 and the C1 atom of deoxyribose in the AP site must be reduced to make a covalent bond between PARP-1 and DNA. Hence, the presence of a hydride ion-generating groups in the enzyme in proximity to the Schiff base may serve in a reducing function and protein in turn will be oxidized. The results of iodoacetamide treatment of PARP-1 were consistent with such a possibility ( Figure 5 ). This notion was further supported by a strong reduction in covalent cross-linking of altered forms of PARP-1 where the solvent exposed cysteine residues Cys 256 and Cys 845 were changed to Ala 256 and Ala 845 . Interestingly, the zinc finger-containing proteins that were considered as static structures are now well recognized as redox sensors, in which zinc release is coupled to conformational changes that control various enzymatic activities, DNA-binding interactions and molecular chaperone activity (58) (59) (60) . In these proteins, reversible disulfide bond formation involves reactivity of cysteine thiol groups that are in close proximity resulting in structural rearrangements to affect the function of the protein. A combination of such fea-tures is found in cysteine-coordinating zinc centers in many proteins including PARP-1 (59) . It is quite reasonable to assume that cysteine in the zinc finger 3 sub-domain of PARP-1 may have such a role, along with Cys256; more work is required to fully understand how such a redox mechanism occurs in coordination with Schiff base chemistry in PARP-1.
The adducted PARP-1 at the 3 end of the incised DNA strand represents an abortive repair complex, as has been observed in the case of the abortive Top1 re-ligation reaction (61) . In an attempt to investigate how the abortive PARP-1 complex could be repaired in cells, we treated the DNA-PARP-1 cross-linked complex with AP endonuclease 1 and tyrosyl-DNA phosphodiesterase 1, as both enzymes have AP site incision activity. These experiments failed to show any incision activity at the AP site (data not shown), and it appears that these enzymes had difficulty in processing such a long peptide. Therefore, it may be interesting to investigate proteasome-mediated degradation of crosslinked PARP-1 in cells treated with MMS and PARP-1 inhibitors (62) .
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